patients who underwent LDLT for hepatocellular carcinoma (HCC). The recipients were divided into two groups: A, graft-to-recipient body weight ratio (GRWR) ≤ 0.8% (n = 56); B, GRWR > 0.8% (n = 239). We evaluated donor, recipient, and operative factors and analyzed survival outcome and the risk factors affecting overall and recurrence survival. As a result, the overall survival rates of group B were significantly higher than that of group A (p = 0.009); the corresponding tumor-free survival rates did not differ significantly (p = 0.133). The overall survival rates among the 151 recipients who met the Hangzhou criteria did not differ significantly (p = 0.953), nor did the corresponding tumor-free survival rates (p = 0.893). Multivariate analysis determined that GRWR was a significant risk factor for poor survival but not for early recurrence. In conclusion, small grafts may predict poorer survival outcome but do not indicate earlier HCC recurrence in recipients transplanted for HCC, and survival outcome with smaller grafts is merely acceptable in selected recipients.
Survival outcomes are comparable between recipients transplanted for hepatocellular carcinoma (HCC) and those transplanted for nonmalignant diseases with the prerequisite that tumor loads are within the Milan criteria or the Hangzhou criteria [1] [2] [3] . Over the past decades, a worldwide shortage of deceased donors has led to the emergence of living donor liver transplantation (LDLT) as the most favorable option for shortening the waiting time of potential recipients, as up to 30% of recipients may develop contraindications to transplantation during this period 4 . For recipients with HCC, the advantages of LDLT over deceased donor liver transplantation (DDLT) remain controversial. Several studies have agreed on LDLT as the preferred strategy for patients with HCC 5, 6 . However, others have pointed out that LDLT recipients could have higher rates of tumor recurrence 7, 8 despite the possible lower waiting list mortality and comparable survival in the long-term. There are multiple reasons for this. One widely accepted point is the selection bias for more aggressive tumor biology among LDLT recipients who might otherwise drop out of the waiting list because of tumor progression. In addition, small-for-size liver grafts could be a critical factor. After LDLT, the implanted partial graft undergoes a complex regeneration process via hepatocyte hyperplasia and hypertrophy 9 , and with the activation of several significant cell signaling pathways, liver regeneration may promote tumor growth, which several basic research studies have already demonstrated [10] [11] [12] , leading to a higher rate of tumor recurrence and even poorer survival. For example, Kiuchi et al. investigated 276 LDLT recipients and found that recipients with graft-to-recipient body weight ratios (GRWR) < 0.8% had significantly worse graft survival 13 . Consequently, we hypothesized that recipients with HCC receiving a relatively smaller graft may face higher tumor recurrence risk and subsequent poorer survival. Basic
Recipients. Table 2 lists the recipient characteristics. According to the study design, group A had significantly lower graft weight (GW) and GRWR (p < 0.001). Sex, age, preoperative status including pre-transplant degradation, pre-transplant vascular invasion, history of spontaneous bacterial peritonitis, alpha fetoprotein levels, preoperative creatinine, operation time, blood loss, cold ischemia time, intensive care unit (ICU) stay, hospital stay, tumor biological status (number of tumor nodules, diameter of the largest tumor, sum of tumor diameters) were not significantly different. 17 patients (50.00%) in group A met the Hangzhou criteria, as did 134 patients (65.69%) in group B (p > 0.05).
Postoperative complications. Table 3 lists the incidence of the most common postoperative complications. Postoperative complications were not statistically different between the two groups.
Impact of GRWR on survival. Group B (GRWR ≤ 0.8%) had significantly higher overall survival rates than group A (GRWR > 0.8%) (p = 0.009) (Fig. 1) . However, the corresponding tumor-free survival rates did not differ significantly between the two groups (p = 0.133) (Fig. 1) . The differences for pre-transplant status, determined based on the number of tumor nodules, size of the largest tumor, preoperative AFP level, and neoadjuvant treatment may have influenced the survival rates significantly. Therefore, we repeated the survival analysis of the 151 recipients who met the Hangzhou criteria. Among these patients, the overall survival rates did not differ significantly between the two groups (p = 0.953) (Fig. 2) . Similarly, the tumor-free survival rates between the two groups did not differ significantly (p = 0.893) (Fig. 2) .
There was 3.23% perioperative mortality in the entire cohort, but the two groups were not statistically different (group A: 6.12% versus group B: 2.62%, p = 0.198). Repeated survival analysis after excluding cases of perioperative mortality derived a similar outcome to that of the entire cohort (data not shown).
We performed univariate Cox proportional regression analysis to determine risk factors for survival. New Edmondson grading, tumor-node-metastasis (TNM) staging for HCC, vascular invasion, size of the largest tumor, number of tumor nodules, preoperative creatinine, warm ischemia time, and GRWR were associated with survival (data not shown). Multivariate analysis revealed that GRWR, vascular invasion, largest tumor > 5 cm, and tumor nodules > 4 were associated with decreased survival (Table 4) . Univariate analysis excluded GRWR as a predictor of tumor-free survival (data not shown).
Discussion
The rapidly increasing use of partial grafts in liver transplantation has resulted in more attention being focused on the influence of small graft size on recipient survival outcome. As previously reported, it is recommended to perform graft size selection with GRWR > 0.8% or graft weight/standard liver volume ratio > 40% for improving graft survival and for preventing postoperative graft dysfunction 13, 14 . Nevertheless, Ben-Haim et al. 15 have reported that GRWR as low as 0.6% could be used safely for recipients without liver cirrhosis or with Child A classification. Selzner et al. 16 found no obvious evidence proving that smaller versus larger grafts or full-size deceased donor grafts are associated with poorer outcome. However, the studies mentioned above enrolled LDLT recipients transplanted for multiple reasons and mainly focused on postoperative problems such as small-for-size syndrome and other complications related to small grafts. Moreover, although several clinical studies have demonstrated that, compared to DDLT recipients, LDLT recipients transplanted only for HCC have poorer oncological outcomes 7, 8 , few studies have concentrated on the effect of smaller grafts on tumor recurrence and the consequent recipient survival outcome, which is exactly what we discuss in the present study.
Theoretically, smaller grafts are associated with higher acute-phase graft injury risk and higher liver regeneration and angiogenesis potential 17 , which creates a better environment for tumor recurrence. Using a well-controlled rat liver transplantation model with liver cancer, Man et al. 10 recently demonstrated that liver graft size and tumor invasiveness were directly associated. Thus, we wondered whether recipients transplanted for HCC may have similar outcomes. Two cases with missing creatinine data were excluded. 3 Five cases with missing or abnormal operation time data were excluded. 4 Ninety-three cases with missing or abnormal blood loss data were excluded. 5 Thirty-seven cases with missing or abnormal cold ischemia time data were excluded. 6 Fifty-nine cases with missing or abnormal warm ischemia time data were excluded. 7 Five cases with missing, logical paradoxes or abnormal ICU time data were excluded. 8 Fifteen cases with missing, logical paradoxes or abnormal hospital time data were excluded. 9 Sixty-nine cases with missing nodule or abnormal nodule data were excluded. 10 Fifty-two cases with missing size or abnormal size data were excluded. Eighty-nine cases with missing sum of tumor diameter or abnormal sum of diameter data were excluded. 12 Fifty-seven cases with abnormal tumor feature data were not included in Hangzhou criteria evaluation.
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The present study involved 295 LDLT recipients transplanted for HCC. Several significant observations were made after we compared recipients who received grafts with GRWR ≤ 0.8% (group A) versus those who received grafts with GRWR > 0.8% (group B). The 1-, 3-year overall survival rates were significantly higher in group B, while the 1-, 3-year tumor-free survival rates were not statistically different. Repeating the survival Table 3 . Postoperative complications. analysis of recipients who met the Hangzhou criteria revealed no significant differences in both overall survival and tumor-free survival rates. We found this interesting, and attribute it to the fact that the two groups differed in one aspect, i.e., the 50.0% and 65.7% of recipients who met the Hangzhou criteria in the smaller graft group versus the larger graft group, respectively. Although the difference did not reach statistical significance, it may imply that the group B recipients may be considered highly selected recipients with less aggressive tumor biology and lower tumor burden, thus having better survival outcome. Via univariate and multivariate analysis, we demonstrated that GRWR was a significant risk factor for survival outcome but not for tumor recurrence. The finding was consistent with that of Hwang et al. 18 , who performed a single-institution study involving 181 LDLT recipients who had been transplanted for HCC. The present study did not prove the triggering hypothesis. As there is a lack of similar studies, further studies should follow to clarify this inconsistency.
The absence of several important clinical characteristics rendered it difficult to evaluate the impact of GRWR on tumor recurrence and survival outcome more accurately. For instance, Fan et al. 19 reported that, despite Table 4 . Multivariate analysis results of risk factors for survival after LDLT (n = 295).
*
Adjusted for transplant year, recipient sex, recipient age, and GRWR. The whole model is significant (p < 0.001).
similar GRWR values, graft recovery and survival rates were dependent on the inclusion of the middle hepatic vein in right-lobe LDLT; larger grafts were effective in recipients with higher model for end-stage liver disease (MELD) scores 20 ; and a recent report by Li et al. 21 found that, in selected recipients with high pre-MELD scores, small grafts were safe, followed by improved intensive care. Therefore, we infer that the differences in surgical options and pre-transplantation MELD scores may be two important factors associated with survival outcome in LDLT recipients. Unfortunately, the present study findings and focus preempt discussion of these factors.
Ours is a retrospective study, and has some limitations. The participants were not randomly assigned to their groups, which inevitablely reflects the limitations of analyzing observational data. The analysis may also have been confounded by the heterogeneous nature of the data from different centers.
In conclusion, we report that among selected LDLT recipients transplanted for HCC, we found no evidence proving that the regeneration of a smaller graft causes early tumor recurrence or poorer survival outcome. With GRWR ≤ 0.8%, overall survival was merely satisfactory. Moreover, GRWR ≤ 0.8% is a predictor of poorer survival but not of early tumor recurrence. The results may aid in addressing the concerns regarding smaller grafts in LDLT recipients transplanted for HCC to some extent, and further studies are warranted to aid in defining the potential accurate lower graft size limits to avoid poorer oncological outcomes in LDLT recipients who are transplanted for HCC.
Methods
Participants. Between January 2007 and December 2009, the China Liver Transplant Registry (CLTR) recorded a total 1203 adult LDLT cases from 81 centers across China (Fig. 3) . First, participants were selected according to the following criteria: Recipients with HCC, including those with symptomatic and asymptomatic HCC and HCC recurrence following primary liver resection; and recipients who had undergone transcatheter arterial chemoembolization (TACE), radiofrequency ablation (RFA), or other interventional therapies. Then, we excluded the following cases: who had undergone reduced-size, salvage, or other transplantation; who had abnormal survival status; who were absent from data on survival status or follow-up; who were from liver transplantation centers that had completed less than 10 LDLT cases per year. Eventually, 295 LDLT recipients were identified. Their clinical data were collected.
Procedure. All cases were divided into two groups: A, GRWR ≤ 0.8% (n = 56); B, GRWR > 0.8% (n = 239).
The donor and recipient characteristics, major postoperative complications, and perioperative mortality of the two groups were compared. We also calculated and compared the 1-, 3-year overall survival rates and tumor-free survival rates from the operation date. Additionally, we repeated the survival outcome comparisons for recipients who met the Hangzhou criteria.
Statistical methods. Descriptive statistics are expressed as median (interquartile range). Where appropriate, the chi-square test or Fisher's test was used for univariate comparisons. Survival outcomes were described using the Kaplan-Meier method. Predictors of survival outcome were identified using univariate and multivariate Cox proportional hazards regression analysis. We considered p < 0.05 significant. All statistical analyses were performed by the CLTR using SAS software, version 9.2.
Ethics statement. We obtained ethical approval from the Zhejiang University Committee of Ethics in Biomedical
Research, and the study was approved by the CLTR. Each recipient granted informed consent for the study, and all cases were well evaluated. The protocol conformed to the ethical guidelines of the Declaration of Helsinki as reflected in a priori approval by the institution's human research committee. This was a hospital-based study.
